Crenate broomrape (Orobanche crenata) is considered to be the major constraint for legume crops in Mediterranean countries. Strategies of control have been developed, but only marginal successes have been achieved. For the efficient control of the parasite, a better understanding of its interaction and associated resistance mechanisms at the molecular level is required. The pea response to this parasitic plant and the molecular basis of the resistance was studied using a proteomic approach based on 2D DIGE and MALDI-MSMS analysis. For this purpose, two genotypes showing different levels of resistance to O. crenata, as well as three time points (21, 25, and 30 d after inoculation) have been compared. Multivariate statistical analysis identified 43 differential protein spots under the experimental conditions (genotypes/treatments), 22 of which were identified using a combination of peptide mass fingerprinting (PMF) and MSMS fragmentation. Most of the proteins identified were metabolic and stress-related proteins and a high percentage of them (86%) matched with specific proteins of legume species. The behaviour pattern of the identified proteins suggests the existence of defence mechanisms operating during the early stages of infection that differed in both genotypes. Among these, several proteins were identified with protease activity which could play an important role in preventing the penetration and connection to the vascular system of the parasite. Our data are discussed and compared with those previously obtained in pea and Medicago truncatula.
Introduction
Pea (Pisum sativum L.) is a cool season legume grown worldwide as a source of protein both for human food and animal feed. However, pea cultivation is strongly hampered in Mediterranean and Middle East farming systems by the occurrence of the weedy root parasite crenate broomrape (Orobanche crenata Forsk.) (Rubiales et al., 2003a) . O. crenata is a serious threat to the cultivation of many other temperate grain and forage legume crops Rubiales and Fernández-Aparicio, 2011) . Many control strategies have been applied, including cultural practices and chemical control, but only marginal success has been obtained to date (Joel et al., 2007; Rubiales et al., 2009a) . The lack of resistant cultivars and of suitable control methods has relegated pea cultivation to uninfested areas (Rubiales et al., 2009b) . A better understanding of the interaction and their associated resistance mechanisms at the molecular level area are needed to assist in breeding for resistance.
Several levels of incomplete resistance have been identified in Pisum germplasm (Rubiales et al., 2005) . The first sign of pre-haustorial resistance is a high percentage of attached Orobanche seedlings unable to develop tubercles on the host (Pérez-de-Luque et al., 2005a, b) . The protein cross-linking of the host cell walls in contact with the intrusive cells of the parasite prevents penetration into the central vascular cylinder in these accessions. This protein cross-linking reinforces the pea cell walls and is also associated with the expression of two pathogenesis-related (PR) proteins, a peroxidase and a b-1,3-glucanase (Pérez- . Gene expression studies performed in pea and Medicago truncatula have revealed the induction of genes putatively encoding pathogenesis-related proteins, peroxidase activity, and dehydration stress-responsive signalling in response to Orobanche infection (Griffitts et al., 2004; Die et al., 2009a, b; Dita et al., 2009) . Preliminary proteomics studies have been carried out in pea and M. truncatula infected with O. crenata (Castillejo et al., 2004 (Castillejo et al., , 2009 . In both cases, metabolic proteins were highly affected in the susceptible genotype, and a battery of defence and stress-related proteins, such as cysteine proteinase, trypsin inhibitor, b-1,3-glucanase, chitinase, ABA-responsive, glutathione S-transferase, and aldehyde reductase, were constitutively more represented or significantly increased in the resistant genotype under infection.
In the present work, the aim was to analyse the root pea proteome in response to Orobanche inoculation. Based on previous studies carried out to assess the resistance to O. crenata in field pea (Rubiales et al., 2005) , two genotypes were selected displaying a differential response to O. crenata. A deeper study by means of the use of quantitative methods such as 2D DIGE coupled to MSMS spectrometry was applied to elucidate the defence mechanisms occurring at the early stages of infection. A total of 22 proteins were identified, most of them belonging to metabolism and stress response. The combination of 2D DIGE with matrixassisted laser desorption ionization-time-of-flight-mass spectrometry (MALDI-TOF-MS) is a powerful tool to identify the key proteins for the characterization of resistance mechanisms to Orobanche in pea.
Materials and methods
Plant material, growth conditions, and inoculation Two pea genotypes showing different levels of resistance to O. crenata were used. Ps624 was selected as the most resistant accession available so far (Rubiales et al., 2005) and Messire as a susceptible genotype. O. crenata seeds were collected from fieldinfected pea plants at Có rdoba, Spain, and stored in darkness at room temperature. A germination test with the synthetic stimulant GR-24 was performed as reported previously (Pérez-de-Luque et al., 2000) .
A Petri dish infection bioassay was performed in a plant growth chamber under controlled conditions. Plants were grown individually and infected as described by Rubiales et al. (2003b) . Pea seeds were germinated in Petri dishes on wet filter papers and kept in the dark at 20°C for 5 d. Thirty-three plants per genotype were used. When the roots had reached 4-5 cm in length, plants were transferred to new square dishes (12312 cm) filled with perlite and glass filter papers (GFP) (Whatmann GF/A). For the proteomic analysis, 15 plants per genotype were inoculated with O. crenata and 15 plants were grown in the same conditions but without the presence of Orobanche seeds and used as the control. Inoculation was carried out by spreading 50 previously surface-sterilized seeds cm À2 in the same 12312 cm GFP in which the young pea seedling had just been placed. Simultaneously, three plants per genotype were inoculated and used to evaluate the infection dynamics. Dishes were sealed with parafilm, arranged in a completely randomized design and covered with aluminium foil to prevent light reaching the roots and Orobanche seeds, placed vertically with the germinating pea plant upwards in trays with half-strength Hoagland nutrient solution, and kept in the growing chamber at 20°C with 14 h light. Ten days after inoculation (dai) the Orobanche seeds were fully conditioned and the GFP containing both the pea roots and the Orobanche seeds was soaked with 5 ml (10 mg l
À1
) of the synthetic strigol analogue GR-24 (kindly provided by Dr Zwanenburg) ensuring a uniform level of Orobanche seed germination (Johnson et al., 1976) . GR-24 was also added to the non-inoculated control plants. For the proteomic assay, roots of five plants per treatment (inoculated and non-inoculated) and genotype were sampled at each harvesting time (21, 25, and 30 dai) . Orobanche seeds and tubercles were removed and root tissue was abundantly washed with distilled water and blotted dry with filter paper. The whole roots were cut, immediately frozen in liquid nitrogen, and stored at -70°C until extraction.
The infection level was followed in the three remaining inoculated plants of each genotype and the following parameters were evaluated: the percentage of parasitic radicles that made contact with the root and successfully established a vascular connexion (21 dai), the percentage of attachment-forming nodules (30 dai), and the number of parasitic tubercles per root of the host plant (30 dai).
Protein extraction, DIGE labelling, and 2-D electrophoresis The DIGE technique has been shown to be a powerful tool to overcome the high inter-experiment variation of 2-D gels. 2D DIGE directly labels lysine groups on proteins with cyanine CyDye DIGE Fluor minimal dyes before isoelectric focusing (IEF). Protein extract samples are labelled with Cy3 and Cy5 fluorescent dyes, while Cy2 dye is used to label the internal standard, which consists of a pooled sample comprising equal amounts of all samples to be compared. The three samples are then electrophoresed on a single 2D gel which allows both direct quantitative comparisons within each gel and the normalization of quantitative abundance values for each protein between gels. The main advantages of 2D DIGE are sensitivity, high reproducibility, and a wide dynamic range (Ü nlü et al., 1997; Alban et al., 2003; Viswanathan et al., 2006) .
The three sampling times (21, 25, and 30 dai) selected for this study coincided with the key developmental stages of the infection cycle. Pea root samples (c. 2 g root fresh weight) from three independent replicates per treatment and genotype were crushed in a pre-cooled mortar with liquid nitrogen until a fine powder was formed and proteins were extracted with TCAphenol (Wang et al., 2006) . The final pellet was resuspended in 200 ll of solubilization buffer containing 30 mM TRIS-HCl pH 8.5, 7 M urea, 2 M thiourea, and 4% (w/v) CHAPS. Proteins were labelled with CyDye DIGE Fluor minimal dyes according to the manufacturer's instructions (GE Healthcare). Briefly, 50 lg of each protein extract was separately labelled at 0°C in the dark for 30 min with 400 pmol of the N-hydroxysuccinimide esters of the cyanine dyes (Cy3 and Cy5 CyDyes) dissolved in 99.8% DMF (Sigma). The internal standard, an equimolecular mixture of all the protein extracts, was labelled with the Cy2 dye in the same way. The labelling reaction was quenched by the addition of 1 ll of a 10 mM L-lysine solution (Sigma) and left on ice for 10 min. After labelling and quenching, non-inoculated, inoculated, and internal standard protein samples were mixed adequately (one of each condition per gel) and run in a single gel. A rehydration solution (7 M urea, 2 M thiourea, 2% CHAPS, and 2% IPG buffer pH 3-10) containing 130 mM DTT was added to the mixed samples. Proteins (150 lg total protein per gel) were then applied to first dimension immobiline strips (18 cm, IPG Strip pH 4-7; GE Healthcare) and electrofocusing was performed using the Protean IEF Cell system (Bio-Rad). The proteins were separated in the first dimension at 0.05 mA per IPG strip until a steady state was achieved (42 kVh). The strips were then equilibrated and separated by SDS-PAGE on 11% polyacrylamide gels (26320 cm) into low fluorescence-glass plates (GE Healthcare). The electrophoresis was run in darkness at 10°C for 1 h at 35 V, and then at 100 V for about 14 h, until the dye front reached the bottom of the gel. Broad molecular range markers (Bio-Rad) containing myosin (200 kDa), b-galactosidase (116.25 kDa), phosphorylase b (97.4 kDa), serum albumin (66.2 kDa), ovoalbumin (45 kDa), carbonic anhydrase (31 kDa), trypsin inhibitor (21.5 kDa), lysozyme (14.4 kDa), and aprotinin (6.5 kDa) were loaded beside the strip.
Image acquisition and statistical analysis of dataset Gel images were obtained by a Molecular Imager FX Pro Plus Multi-imager system (Bio-Rad) using appropriate wavelengths and filters for Cy2, Cy3, and Cy5 dyes according to the manufacturer's protocol. Scans were acquired at 100 lm resolution. Relative protein quantification across the experiment was performed using Decyder Analysis Software, Release 6.5 (GE Healthcare). Initially, the Differential In-gel Analysis (DIA) module was employed to codetect the three images of a gel to provide a consistent and accurate spot ratio measurement for each sample, related to the internal standard. Afterwards, the Biological Variation Analysis (BVA) module was used to detect the consistency of differences between samples across all the gels and to apply statistics to associate a level of confidence for each of the differences. For further MS analysis, those proteins with more than two expression level changes, high statistical significance (P <0.05), and present in all the replicates gels were selected.
For statistical treatment of protein abundance values, the webbased software NIA array analysis tool was used (available at http://lgsun.grc.nia.nih.gov/anova/index.html; Sharov et al., 2005) . This software tool selects statistically valid protein spots based on analysis of variance (ANOVA). The data were statistically analysed using the following settings: error model max (average, actual), 0.01 proportion of highest variance values to be removed before variance averaging, 10 degrees of freedom for the Bayesian error model, 0.05 FDR threshold, and zero permutations. The data set consisting of relative abundance values of proteins was analysed individually for each sampling time by principal component analysis (PCA) using the following settings: covariance matrix type, three principal components, 1-fold change threshold for clusters, and 0.6 correlation threshold for clusters. PCA results were represented as a biplot, with proteins more abundant in those experimental situations located in the same area of the graph. Protein spots data for this analysis were recorded in Supplementary Table S2 at JXB online. To assess the differences in protein abundance profiles between genotypes or treatments, the gels were analysed separately for the identified proteins, which were clustered based on their expression patterns.
Protein identification by MALDI MSMS and database searching
Sypro Ruby (SYPROÒ Ruby Protein Stains Bio-Rad) staining was used to visualize gel-separated Cy dye-labelled proteins, following the indications of the instruction manual. Post-stained images were matched with the Cy dye images using DeCyder software. The protein spots were automatically excised from the gels using an Investigator ProPic (Genomic Solutions) station. The digestion protocol used was that of Schevchenko et al. (1996) with minor variations. Gel plugs were destained by incubation (twice for 30 min) with a solution containing 200 mM ammonium bicarbonate in 40% acetonitrile at 37°C , being then subjected to three consecutive dehydratation/rehydration cycles with pure acetonitrile and 25 mM ammonium bicarbonate in 40% acetonitrile, respectively, and finally dried at room temperature for 10 min. Then, 20 ll trypsin, at a concentration of 12.5 ng ll À1 in 25 mM ammonium bicarbonate was added to the dry gel pieces and the digestion proceeded at 37°C for 12 h. Digestion was stopped and peptides were extracted from gel plugs by adding 10 ll of 1% (v/v) trifluoracetic acid (TFA) and incubating for 15 min. Peptide fragments from digested proteins were then crystallised with a-cyano-4-hydroxycinnamic acid as a matrix and subjected to MALDI-TOF/TOF (4800 Proteomics Analyzer, Applied Biosystems) mass spectrometer in the m/z range 800-4000, with an accelerating voltage of 20 kV. Spectra were internally calibrated with peptides from trypsin autolysis (M+H+¼842.509, M+H+¼2211.104). The five most abundant peptide ions were then subjected to fragmentation analysis, providing information that can be used to determine the peptide sequence.
A combined PMF search (MS plus MSMS) was performed using GPS Explorerä software v 3.5 (Applied Biosystems) over non-redundant NCBInr database using the MASCOTsearch engine (Matrix Science, London; http://www.matrixscience.com). The following parameters were allowed: taxonomy restrictions to Viridiplantae, a minimum of four peptides matches, a maximum of one miscleavage, and peptide modifications by carbamidomethylcysteine and methionine oxidation were accepted. The maximum tolerance for peptide mass matching was limited to 20 ppm. The confidence in the peptide mass fingerprinting matches was based on the score level and confirmed by the accurate overlapping of the matched peptides with the major peaks of the mass spectrum. The proteomic (2DE and MALDI-TOF) analysis was carried out in the UCO-SCAI proteomics facility, a member of Carlos III Networked Proteomics Platform, ProteoRed-ISCIII.
Results

O. crenata attachment and nodule development
Pea is a true host of O. crenata, meaning that pea is highly infected by O. crenata in agricultural soils, the parasite being able to complete its parasitic life cycle on this species. Accordingly, 30 d after Orobanche inoculation, an average of 33 parasites per plant was observed in the susceptible genotype Messire, showing that these parasites had a healthy development ( Fig. 1 ; Table 1 ). However, an average of only 2.9 parasites was observed in Ps624. Therefore, the percentage of Orobanche seeds that was able to contact and attach to the roots was lower in Ps624 (12.6%) than in Messire (27.4%) ( Table 1 ).
In the following days, only 4.8% of these parasitic radicles that had already attached to the roots of Ps624 were able to develop tubercles by penetrating the host root and connecting with the host vascular system. This is remarkable when compared with the fact that an average of 85.7% of the parasitic radicles attached to the roots of the susceptible genotype, Messire, were fully infective having developed healthy tubercles (Table 1) .
DIGE 2-DE and statistical analysis of protein abundance
On average, 18506390 spot features were detected on each analytical gel using 18 cm-long, pH 4-7 linear gradient IPG strips and 10-100 kDa (Fig. 2) . These ranges were selected to resolve most of the solubilized root proteins, based on results from previous work (Castillejo et al., 2004 (Castillejo et al., , 2009 ). These images individually processed with the DIA module were matched between gels with the BVA module using the internal standard for gel-to-gel matching. BVA applies Student's t test to associate a level of confidence to each of the differences found between paired conditions. The statistical analysis of the gels detected 43 spots with significant changes between genotypes and treatments. The following criteria were used for considering a spot as being variable: consistently present or absent in all three replicates, displaying genotype-or treatmentratios differing at least 2-fold, and differences that were statistically significant (P <0.05, Student's t test) between genotypes or treatments.
Protein identification and analysis with respect to expression patterns
A multivariate analysis of data to detect outliers, as well as clustering among the 2-DE gels, was performed. Principal component analysis is a strong approach and used to get an overview of the main variation and any interrelations between spots in the protein patterns (Valledor and Jorrín, 2011) . To perform this statistical cluster analysis, a software tool designed for the analysis of biological gene chip data was used (Sharov et al., 2005) , but that has also been successfully used in the analysis of protein abundance data (Brumbarova et al., 2008; Castillejo et al., 2010a, b) . This software identified patterns in our data set and explored the associations between protein spots and the experimental conditions using PCA (Fig. 3) . A similar protein abundance profile was found in the three replicates from each experimental condition, indicating the reliability of our data.
All of the 43 differential protein spots were subjected to MALDI-TOF/TOF analysis. A total of 22 protein spots could be identified using a combination of PMF and MSMS fragmentation (Table 2; see Supplementary Table S1 at JXB online). The identified proteins fell into 10 functional categories (Table 2) : glycolysis, amino acid metabolism, glyoxylate cycle, flavonoid biosynthesis, cell motility, cellular cell wall organization, proteolysis, folding, stress response, and protein transport. Considering the PCA analysis ( Fig. 3 ; see Supplementary Table S2 at JXB online), the following categories of proteins associated with the PC analysis were found as follows: in the first PC analysis (21 dai; Fig. 3A ) metabolic and stress-related proteins were found in the categories of proteins correlated with PC1 (both directions). Stress-related proteins were also found in PC2 (positive direction) and PC3 (both directions). Proteins belonging to biosynthetic processes were found in PC1 and PC2 (negative direction), and proteins belonging to folding processes were found in PC3 (negative direction); in the second PC analysis (25 dai; Fig. 3B ) metabolic proteins were found in the categories of proteins correlated with PC1 (positive direction) and PC3 (both directions), proteins belonging to biosynthetic processes were found in PC1 (both directions) and PC3 (negative direction), proteins belonging to folding processes in PC2 (negative direction) and stress-related proteins were found in PC2 (positive direction) and PC3 (both directions); finally, in the third PC analysis (30 dai; Fig. 3C ) metabolic proteins were found in the categories of proteins correlated with PC1 and PC3 (negative direction), proteins belonging to biosynthetic processes and folding were found in PC1 (positive direction), biosynthetic proteins were also found in PC2 (positive direction) and PC3 (negative direction), and stress-related proteins were found in PC1 (negative direction) and PC2 (positive direction).
To assess the differences in the protein abundance profiles between the genotypes or treatments, the gels were analysed separately for the 22 identified proteins, which were clustered based on their expression patterns (Fig. 4) . This yielded two heterogeneous clusters, one of them included most of the proteins (comprising metabolism, transport, and stress response) and the other one mainly included proteins belonging to metabolism and biosynthesis.
Differences in constitutive patterns of proteome between genotypes
A total of 41 spot proteins showed differences when noninoculated genotypes were compared (Fig. 2B) , 16 of which were identified after mass spectrometry analysis (Table 2) . Among the constitutively present proteins that were more abundant in the Messire genotype, proteins belonging to metabolism (adenosylhomocysteinase, spot 667; enolase, spot 676; pyruvate dehydrogenase, spot 762; lactoylglutathione lyase, spot 1151), proteins of synthesis and folding (chalcone isomerase, spot 1369; chaperonin, spot 547), proteins related to proteolysis and stress (thiolprotease, spot 689; heat shock proteins, spots 276 and 356), and proteins of transport and unknown function (GDP dissociation inhibitor, spots 707 and 710; cytosolic factor, spot 754; hypothetical, spot 758) were also found.
With regard to the proteins constitutively more abundant in Ps624 plants compared with Messire, proteins of synthesis (chalcone isomerase, spot 1350) and stress-related proteins (heat shock protein, spot 462; aldehyde dehydrogenase, spot 660) were found.
Protein changes in response to O. crenata inoculation
After inoculation, 43 protein spots showed significant differences, 19 of which were identified ( Fig. 2; Table 2 ). Among the identified proteins that increased in the susceptible Messire genotype, metabolic proteins, such as adenosylhomocysteinase (spots 661 and 667), lactoylglutathione lyase (spot 1151), and proteins belonging to biosynthetic processes such as a-1,4-glucan-protein synthase (spot 609) were found. Among the proteins that decreased were found proteins of folding such as chaperonin (spot 547) and stressrelated proteins such as aldehyde dehydrogenase (spot 660).
In the resistant Ps624 genotype, the next increased proteins were identified: metabolic proteins such as pyruvate Fig. 2 . 2D DIGE of root pea proteins. Protein extracts from individual samples (non-inoculated and inoculated plants) and a pooled internal standard were labelled with CyDyes Cy3, Cy5, and Cy2, respectively, mixed and separated on a 2-DE gel using 18 cm pH 4-7 lineal strips in the first dimension and 11% SDS-PAGE gels in the second dimension. (A) Shown an overlay of two representative images from inoculated (Cy3, green) and non-inoculated (Cy5, red) Ps624 plants. The same gel, after fluorescence imaging, was Sypro Ruby stained and scanned (B). Circled and numbered spots correspond to those showing changes between genotypes or treatments. Three representative protein spots were selected as examples to illustrate significant changes in the 3D profile.
dehydrogenase (spot 762), proteins involved in motility and proteolysis such as actin (spot 883) and thiolprotease (spot 722), and stress-related proteins such as heat shock proteins (spots 276 and 356) and cysteine proteinase (spot 912). On the other hand, some protein spots decreased in the resistant genotype after inoculation including the metabolic enzyme enolase (spot 625), the biosynthetic enzyme chalcone isomerase (spot 1350), and the stress-related Hsp protein (spot 462).
Some common proteins were found that decreased in both genotypes in response to inoculation such as enolase (spot Fig. 3 . Multivariate analysis of the data set of the relative abundance of proteins. Two-dimensional biplots showing associations between experimental samples and protein spots generated by principal component analysis (PCA). Samples and differential protein spots were plotted in the first two component space for each experimental sampling time (left): (A) 21 dai, (B) 25 dai, and (C) 30 dai. A short distance between samples and protein spots in the component space is indicative of a similarity in expression profiles. Protein spots correlating together and in the same direction as a PC group are enclosed by a line. Protein spot expression clustering based on PCA is showed to the right of each PC analysis. 
Discussion
Although there is no complete host-resistance in pea against O. crenata when grown in the field, the genotype Ps624 has been described as the most resistant accession identified so far (Rubiales et al., 2005) . It has previously been noted that O. crenata radicles are less able to contact the host roots when they are growing in the rhizosphere of the resistant genotype Ps624 than when they are near Messire roots (Pérez-de-Luque et al., 2005a) . This is consistent with our results, as there were half the number of attachments in Ps624 compared with Messire (Table 1) . Two pre-haustorial mechanisms leading to this difference have been suggested in this genotype: incorrect orientation of the parasitic radicle toward the host due to an excess of germination stimulants exuded by the Ps624 roots and reduced haustorium formation in the parasite due to a lack of an inducing signal from the host root (Pérez-deLuque et al., 2005a), although their direct effect on the lower attachment has not been demonstrated analytically.
A very low proportion of the parasitic radicles already attached to Ps624 genotype roots were fully infective by having been able to develop healthy tubercles (Table 1) , compared with the susceptible Messire genotype. This was in agreement with previous studies (Castillejo et al., 2004; Pérez-de-Luque et al., 2005a) in which nodule formation was much lower in Ps624 than in Messire. The histochemical bases of resistance in Ps624 have been not studied. Only a previous proteomic approach was able to identify various pathogenesis-related proteins, including peroxidase, as part of the late response of Ps624 plants to Orobanche inoculation (Castillejo et al., 2004) . Recently, the expression pattern of some genes previously described to be defence-related in other parasitic plant-plant interactions were classified as being part of the molecular early-resistance response in the Ps624-O. crenata interaction (Die et al., 2009a) , although the complete molecular scenario which allows Ps624 to resist O. crenata is still unknown.
2D DIGE analysis was used to compare the proteome profile between genotypes and treatments. This method has been employed to circumvent some limitations of the conventional 2-DE approach, namely experimental variability and reduced dynamic range. Inter-gel analysis and quantification of spot volume is notably improved owing to the addition of an internal standard and the fact that multiple samples are run on the same gel (Alban et al., 2003) . Figure 2A shows a representative CyDye staining of pea proteins, displaying an overlay of two representative images from inoculated (Cy3, green) and non-inoculated (Cy5, red) Ps624 plants.
A total of 22 protein spots out of 43 analysed (51%) could be identified using a combination of PMF and MSMS fragmentation (Table 2; see Supplementary Table S1 at JXB online). This moderate percentage of identified proteins is typical of those species which are absent or underrepresented in public databases, although a wide range in the success of identification in pea (27-63%) (Castillejo et al., 2004; Curto et al., 2006; Chen et al., 2009; Castillejo et al., 2010b) was found in the literature. However, a high percentage of identified proteins (86%) matched with specific proteins of legumes, 31.6% of which belonged to Pisum sativum, 31.6% to Glycine max, 21% to Medicago truncatula, 10.5% to Cicer arietinum, and the remaining 5.3% belonged to Trifolium pratense. A number of proteins were represented by more than one spot with slightly different M r and pI values, suggesting that these changes in the proteome can be attributed to posttranscriptional modification or different members of the same functional family (a small shift in the pI). Thus, the protein enolase (gi|42521309) matched spots 625 and 676, the protein adenosylhomocysteinase (gi|29691168) matched spots 661 and 667, the protein chalcone isomerase 2 (gi|170783766) matched spots 1350 and 1369, the thiolprotease (gi|3980198) matched spots 689 and 722, the heat shock protein (gi|208964724) matched spots 276 and 356, and, finally, the GDP dissociation inhibitor (gi|40204891) matched spots 707 and 710 (Table 2) .
Function of identified proteins and their relationship to the study
Each functional group and the behaviour pattern observed for the conditions studied (genotypes and response to O. crenata inoculation) is discussed.
Primary metabolism: Metabolic proteins such as enolase, adenosylhomocysteinase, pyruvate dehydrogenase, and lactoylglutathione lyase, showed similar behaviour patterns when genotypes and treatments were compared. These proteins were found to be more represented in Messire when non-inoculated genotypes were compared. In response to inoculation, a trend towards an increase in the susceptible genotype at early state of infection (21 and 25 dai) and towards a decrease in the resistant one (mainly 30 dai) was observed. The observed behaviour was opposite to that expected. However, the same behaviour was observed in a previous work performed to study the response of M. truncatula at the early stages of O. crenata infection (Castillejo et al., 2009) . It can be postulated that the increase in metabolic proteins in the susceptible genotype could imply an increased catabolism in the root of the host plant to compensate for the cost of resistance, or the deficit of nutrients produced by the parasitic plant. Each of these proteins will be discussed below.
Many environmental stresses, including salt stress, low and high temperatures, and drought in different plant species promotes an acceleration of the glycolytic pathway by increasing the abundance of enzymes catalysing several steps in this pathway such as enolase and pyruvate dehydrogenase (Yan et al., 2005; Ferreira et al., 2006; Guo et al., 2009) .
S-adenosyl-L-homocysteine hydrolase (AdoHcy hydrolase) catalyses the conversion of S-adenosyl-L-homocysteine (AdoHcy) into adenosine and L-homocysteine. Methionine is the immediate precursor of S-adenosylmethionine (AdoMet), which has numerous roles, being the major methyl-group donor in transmethylation reactions and an intermediate in the biosynthesis of polyamines and of the phytohormone ethylene. A large portion of AdoMet is used as a methyl donor and, after the methyl group is transferred to acceptors such as phospholipids, proteins, DNA, and RNA, AdoHcy is formed. Also, AdoMet metabolism somehow seems to be implicated in plant growth via an as yet not fully understood link with plant-growth hormones such as cytokinins and auxin and in plant-pathogen interactions (Ravanel et al., 1998) . Curiously, two proteins were found that AdoHcy hydrolase increased in the susceptible genotype in response to inoculation. On the other hand, an actin (discussed below), which plays role in plant growth, development, and responses to environmental stimuli, was found to have increased in both genotypes after inoculation. These results reinforce the hypothesis that cells increase their metabolism in an attempt to compensate for the deficit of nutrients produced by the parasite, in which plantgrowth-hormone-mediated processes seem to be involved.
It has seen that up-regulation of antioxidant and glyoxalase systems provide protection against oxidative damage in plants (Hoque et al., 2008) . Lactoylglutathione lyase or glyoxalase I is a ubiquitous cellular defence enzyme involved in the detoxification of methylglyoxal, a cytotoxic by-product of glycolysis (Marmstal et al., 1979) . Recent work has studied the salt tolerance in rice finding a significant increase of the lactoylglutathione lyase protein in tolerant plants (El-Shabrawi et al., 2010) . A significant increase in this protein was found after inoculation in both genotypes.
Proteins related to defence: A high proportion of the proteins identified in this work were stress related, and many others can potentially be involved in counteracting stress. Many of them were found to be significantly more represented in the resistant non-inoculated genotype, as well as in the same genotype upon parasite infection. Among these are several heat shock proteins, cysteine proteinase, thiolproteases, aldehyde dehydrogenase, and chalcone isomerases. Cytochemical studies performed in the pea-O. crenata interaction at 25 dai revealed that the parasite was stopped in the host cortex before reaching the central vascular cylinder, and an accumulation of H 2 O 2 , peroxidases, and callose were detected in neighbouring cells (Pérez-de-Luque et al., 2006) . Curiously, at 25 dai, the most significant increase of stressrelated proteins identified in our work can be observed.
The heat shock proteins of 90 kDa (Hsp90) are specialized molecular chaperones that fulfil the folding, maintenance of structural integrity, and conformational regulation of a subset of proteins involved in important cellular processes, such as transduction of signals, cell cycle control, etc. Hsp90 play a significant role in growth and development of organisms carrying out conformational regulation of many regulatory proteins and protecting cells under stress (Kozeko, 2010) . Hsp90 may be more specifically involved in disease resistance than is implied by a general role in protein folding (Lu et al., 2003) . Some recent proteomics works are cited which identified several Hsps changing in response to different stress conditions: these are in pea-Erysiphe pisi interaction (Curto et al., 2006) , pea-Mycosphaerella pinodes (Castillejo et al., 2010b) , and triticale under a low N fertilization level (Castillejo et al., 2010a) .
Cysteine proteinases are involved in virtually every aspect of plant physiology and development. They play a role in development, senescence, programmed cell death, storage and mobilization of germinal proteins, and in response to various types of environmental stress (Salas et al., 2008) . Most important of the physiological functions of cysteine proteinases is perhaps their involvement in the proteasome proteolytic pathway affecting several metabolic processes, such as hormone signalling, cell cycle, embryogenesis, morphogenesis, flower development, and oxidative stress (Watanabe and Lam, 2005) . Sometimes, cysteine proteases are referred to as thiolproteases, since they have a common catalytic mechanism that involves a nucleophilic cysteine thiol in a catalytic dyad. Three of them were identified in our study (two thiolproteases and a cysteine protease) which were significantly increased by 25 dai in the resistant genotype, coinciding with the stop mechanism of the parasite mentioned previously. A cysteine proteinase was identified in a previous work studying the late response to O. crenata in the same resistant pea genotype (Castillejo et al., 2004) . In a different work, performed with M. truncatula plants inoculated with O. crenata, a significant increase in several isoforms of proteinase inhibitor was found in the most resistant genotype in the early stages of infection (21 and 25 dai) (Castillejo et al., 2009) . From all of these results, it is deduced and suggested that proteases plays an important role in mechanisms to stop the attack of the parasite, probably acting from the early stages of infection, but continuing into the more advanced stages of it.
Aldehyde dehydrogenase and chalcone isomerase were found to be significantly more abundant in the Ps624 noninoculated genotype. Aldehyde dehydrogenases (ALDHs) play a major role in the detoxification processes of aldehydes generated by oxidative stress in plants as a result of various environmental stresses. The physiological role and involvement of ALDHs in stress protection have been well studied in transgenic Arabidopsis plants over-expressing ALDH exposed to dehydration, NaCl, heavy metals, and H 2 O 2 (Sunkar et al., 2003; Kotchoni et al., 2006) .
The chalcone-flavone isomerase is the second enzyme of the flavonoid-isoflavonoid pathways in legumes leading to phytoalexin production whose induction and accumulation is a typical defence response associated with resistance in several plant systems and against a diverse range of attacking organisms (Baldridge et al., 1998; Shergini et al., 2001 ). This protein was previously identified in M. truncatula plants whilst studying the response to O. crenata infection (Castillejo et al., 2009) . In agreement with these data, several gene expression studies have revealed the induction of enzymes involved in the phenylpropanoid pathway in response to Orobanche infection (Griffitts et al., 2004; Letousey et al., 2007; Die et al., 2009a, b) .
Other proteins identified could potentially be involved in the response to O. crenata inoculation. Thus, an increase in biosynthetic proteins involved in cell motility, such as actin and a-1,4-glucan-protein synthase, was observed after inoculation in both genotypes. However, a decrease in the folding protein, chaperonin containing t-complex was detected in the susceptible genotype.
Actin has recently been related to programmed cell death (PCD). Recent live cell imaging techniques have revealed dynamic features and significant roles of cytoskeletons and the vacuole during defence responses and PCD. Actin microfilaments (MFs) focus on the infection sites and function as tracks for the polar transport of antimicrobial materials (Higaki et al., 2011) . The enzyme a-1,4-glucanprotein synthase, a glycosyltransferase, is involved in the synthesis of cell wall polysaccharides. Recent investigations have shown an increase in this enzyme in maize cells treated with the pesticide dichlobenil, contributing to a modification of the structural and compositional plasticity of the plant cell walls (Mélida et al., 2011) .
The chaperonin containing t-complex (CCT) is a cytosolic molecular chaperone composed of eight subunits that assists in the folding of actin, tubulin, and other cytosolic proteins. It has been postulated that CCT probably modulates in vivo actin filament formation (Grantham et al., 2002) .
In the case of the pea-O. crenata interaction, protein crosslinking on the host cell walls in contact with the intrusive cells of the parasite prevents penetration into the central vascular cylinder in resistant accessions, reinforcing the pea cell walls (Pérez-de-Luque et al., 2005) . There is the suggestion that the identification of these proteins in our work is related with this or a similar reinforcing mechanism of the cell wall.
Other functional groups: Other proteins identified in the present work correspond to transport and unknown functions. GDP dissociation inhibitor proteins (GDI) play an essential role in secretory pathways. A significant decrease of this protein could be observed after inoculation in both genotypes. Finally, a cytosolic factor and a hypothetical protein were detected to be more abundant in noninoculated susceptible plants, with unknown functions. Their relation to pea response to Orobanche is uncertain.
Conclusions
The proteomic approach based on protein separation and statistical analysis by DIGE followed by protein identification with MALDI-MSMS has demonstrated outstanding utility to search for potential biomarkers related to the pea response to the parasitic plant O. crenata. Comparative profiling of the proteome between genotypes and treatments revealed 43 significant changes. A number of them were identified as carbohydrate and amino acid metabolism, as well as biosynthetic, folding, and stress-related proteins. Irrespective of the parasite inoculation, a high proportion of protein differences were detected between both genotypes. Among the proteins identified were several belonging to metabolism and related to stress differentiated genotypes.
After inoculation, metabolic proteins were significantly increased in the susceptible plants from the early stages of infection. This behaviour can be explained by attributing an increased metabolism in the host to compensate for the cost of resistance, or the deficit of nutrients produced by the parasitic plant. In the resistant genotype, a decrease of metabolic proteins was observed in the latter stage studied, as well as a clear increase in stress-related proteins which could be related to the efficiency of energy utilization. Among the resistant proteins identified, the focus was on those with protease activity (thiolprotease and cysteine proteinase) with a high increment at 25 dai. These results are in agreement with those previously obtained in the model plant M. truncatula and pea, reinforcing the hypothesis that these proteins are involved in early defence mechanisms taking place in the resistant genotype preventing host tissue penetration and connection to the vascular system. Several other proteins identified belonged to biosynthesis and folding. The finding that these proteins increased in both genotypes could indicate changes occurring in the cytoskeletal structure, as well as in the cell wall at the site of attack, with the purpose of preventing or stopping the advance of the pathogen.
The data presented in this work suggest the existence of defence mechanisms operating during the early stages of infection, such as has been described in other plantpathogen interactions, including reinforcement of host cells and the creation of a toxic environment for the parasite, in which proteases seems to play an important role.
With this study, key elements are shown to be involved in defence during this interaction that could be of crucial importance in helping and directing programmes aimed at improving new crop varieties. However, new insights and advances are needed to continue contributing to plant breeding.
